A comparison of mitochondria isolated from 2 and 24 C grown winter wheat (Triticum aestivum L.) and winter rye (Secak cereak L.) seedlings revealed no correlation between changes in swelling and contraction characteristics and extent of cold hardiness. The swelling response changed markedly due to growth at low temperature, but the change was similar for the four cultivars examined. The swelling response was also observed to change rapidly during aging of isolated mitochondria, either at 2 or 24 C. Spontaneously swollen mitochondria, isolated from 24 C grown seedlings, contracted abruptly upon addition of certain oxidizable substrates, but this response was lost when seedlings were transferred from 24 to 2 C. Studies on the effect of various substrates and respiratory inhibitors on the swelling and contraction responses indicate that inhibitors which reduce or stop electron flow through the electron transport chain also inhibit substrate induced mitochondrial contraction.
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Although the swelling and contraction characteristics of isolated plant mitochondria have been thoroughly investigated, the mechanisms involved in these processes are not completely understood. Numerous studies (3, 13, 18, 22) have demonstrated a passive, energy-independent swelling of plant mitochondria in the presence of isomolar salt solutions, or isomolar solutions of monosaccharide sugars. The existence of an energy-dependent (active) swelling component in plant mitochondria has also been demonstrated (2, 5, 19, 21) . Addition of certain oxidizable substrates to swollen mitochondria results in an immediate rapid contraction of the mitochondria while the addition of ATP initiates contraction of swollen corn mitochondria (18) , but not swollen castor bean endosperm mitochondria (20) . Earlier studies on the effect of specific inhibitors of electron transport and oxidative phosphorylation on swelling and contraction (18, 20) postulated that high energy intermediates are associated with the active swelling and contraction observed in plant mitochondria. More recent investigations of energized swelling and contraction have led to interpretation of these phenomena in chemiosmotic terms, suggesting that the energy required is derived from changes in the electrochemical proton gradient (2).
Recent studies (11, 15) in our laboratories on the mechanism of cold hardening in plants have been directed to investigations of structural and functional properties of wheat and rye mitochondria in relation to growth at low temperature. These studies have revealed a marked increase in the level of fatty acid unsaturation during growth at low temperature, but no differences were observed among cultivars of contrasting cold hardiness. The functional properties of mitochondria from cold hardy cultivars were similar to those from less hardy cultivars. Electron spin resonance studies identified three possible temperature-dependent structural transitions in the mitochondrial membranes, and the shift in one of these appeared to be quantitatively greater in the cold hardy cultivars.
This paper describes the swelling and contraction characteristics of mitochondria isolated from wheat and rye seedlings grown under cold hardening and nonhardening conditions, and further examines the possibility that changes in membrane flexibility are associated with the cold-hardening process.
MATERIALS AND METHODS
Seeds of wheat (Triticum aestivum L. cv. Kharkov, Cappelle Desprez, and Marquis) and rye (Secale cereale L. cv. Puma) were surface-sterilized, imbibed at 24 C for 5 hr, and grown on moist filter paper in the dark. Nonhardened seedlings were grown in dark for 2 to 3 days at 24 C. Cold-hardened seedlings were grown in dark for 1 to 1.5 days at 24 C and then transferred to 2 C day (16 hr)/-2 C night for 3 to 4 weeks. Comparisons of 24 C and 2 C/-2 C were always made on seedlings at the same stage of morphological development.
Mitochondria were isolated by the procedure of Miller et al. (12) using media previously described (14) . Swelling and contraction of mitochondria, as indicated by light scattering (18) , were followed at 24 C by measuring changes in absorbance at 520 nm on either a Beckman DK or a Gilford 2000 spectrophotometer. A swelling medium (12) containing 0.2 M KCI, 1 mg/ml BSA, and 20 mm tris-HCI (pH 7.5) was used throughout, and concentrations of various substrates and inhibitors are indicated in the figure and table legends.
Oxygen consumption was measured polarographically at 24 C using a conventional Clark oxygen electrode inserted into a 1.5-ml reaction chamber (14) . The substrates used were L-malate and succinate, and state 3 oxidations were induced by additions of 100 ,UM ADP. Mitochondrial protein was determined in BSAfree suspensions by the method of Lowry et al. (7) . RESULTS Effect of Substrates. Spontaneous swelling of isolated mitochondria occurred in the absence of added substrate or ATP, but was prevented by the addition of certain oxidizable substrates to the swelling medium (Fig. 1) . The effect of substrates on the swelling response was dependent on substrate concentration. A low concentration of NADH (Fig. 2) Fig. 1 . B. NADH added to swelling medium prior to addition of mitochondria.
Spontaneously swollen mitochondria isolated from 24 C grown seedlings contracted abruptly upon addition of certain Kreb's cycle intermediates, but no contraction was observed upon addition of ATP (Fig. 1) . The final contracted volume of these mitochondria was similar in the presence of all substrates that induced contraction. Substrates that initiated contraction also inhibited swelling, while ATP and a-ketoglutarate neither induced contraction nor inhibited swelling. Mitochondria isolated from 2 C grown seedlings also swelled spontaneously, but the addition of ATP or substrates did not induce contraction, although swelling was inhibited by substrates (Fig. 2) . The ability of swollen mitochondria from 24 C grown seedlings to contract upon addition of substrates gradually diminished when seedlings were transferred to 2 C, and after 2 days the response had completely disappeared (Fig. 3) .
Effect of Seedling Size and Mitochondrial Aging. The swelling response of mitochondria from 2 and 24 C grown seedlings varied with the size of seedlings from which the mitochondria were isolated (Fig. 4) . At both temperatures, an initial slow rate of swelling followed after a few minutes by a more rapid rate was observed in mitochondria isolated from the smallest seedlings examined. The swelling rate increased and the duration of the slower rate decreased with increasing seedling size of both 2 and 24 C grown material. The lag in swelling rate was not observed in mitochondria from 2-cm seedlings grown at 24 C but was retained in mitochondria from 2 C grown seedlings.
The swelling characteristics of isolated mitochondria also changed rapidly during aging in 0.4 M sucrose at both 2 and 24 C (Fig. 5) . The initial rate of swelling of freshly isolated mitochondria was relatively slow but increased markedly after only a few minutes. After 1 hr at 2 C, the rate of swelling had increased slightly, and after 4 hr the initial lag in the swelling response had disappeared and an extremely rapid rate of swelling was observed immediately upon addition of the mitochondria to swelling medium. The rate of swelling increased even more rapidly when mitochondria were maintained at 24 C after isolation. Similar results were obtained from both 2 and 24 C grown seedlings. The ability of spontaneously swollen mitochondria to contract upon addition of substrate was completely lost after aging for only a few hours at either 2 or 24 C (data not shown).
These observations emphasize the importance of maintaining mitochondrial preparations at low temperature and of comparing results only from mitochondria which have been isolated from seedlings of similar size for the same amount of time.
Effects of Respiratory Inhibitors. The effects of several respiratory inhibitors on 02 consumption and substrate-induced mitochondrial contraction are presented in Table I . Oligomycin had no inhibitory effect on either succinate-or malate-induced contraction at a concentration which completely inhibited oxidative phosphorylation. Dinitrophenol did not inhibit mitochondrial contraction at a 0.1 mm concentration which completely were generally similar to those with amytal. Inhibition of both state 3 respiration and mitochondrial contraction were markedly greater in the presence of malate than succinate.
Effect of Seedling Growth Temperature. The swelling characteristics of isolated mitochondria were similar for the four cultivars examined (Fig. 6 ). An initial lag in the rate of swelling was observed in mitochondria from 2 C grown seedlings. After a few minutes, the rate of swelling increased markedly and attained a rate comparable to the initial rate of 24 C mitochondria. The total volume change was similar for mitochondria from the two growth temperatures. Although the swelling curves for all culti- vars exhibited consistent differences between 2 and 24 C mitochondria, no correlation was observed between swelling characteristics and cold hardiness of the seedlings from which the mitochondria were obtained. DISCUSSION Spontaneous swelling of plant mitochondria in solutions of electrolytes has been attributed to an osmotic flow of H20 coupled to the diffusion of a permeant solute (6, 13) . Energydependent swelling and contraction also have been shown to be associated with osmotic volume adjustments in response to ion transport, but in contrast with spontaneous swelling, these processes are linked to respiration and electron transport (2, 3, 5, 18, 20, 21) . The results reported herein confirm the presence of energy-independent swelling and energy-dependent contraction of mitochondria from 24 C grown wheat and rye seedlings and demonstrate the complete inability of mitochondria from coldgrown seedlings to contract following spontaneous swelling.
The earlier observation (18, 20) that mitochondrial contraction and prevention of spontaneous swelling are dependent on a nonphosphorylated high energy intermediate of the energy conservation system, more recently interpreted (2) in terms of changes in the electrochemical proton gradient, is supported by the present study. The addition of specific electron transport inhibitors (e.g. amytal, azide, cyanide, rotenone) prevent substrate-dependent contraction, whereas the uncoupler, dinitrophenol, and an inhibitor of oxidative phosphorylation, oligomycin, had no effect on substrate-induced contraction (Table I) . These results are consistent with the interpretation that contraction of swollen mitochondria occurs only if electron transport is not impaired. It is significant that contraction does not occur in the presence of inhibitors which inhibit state 3 but not state 4 respiration. This suggests that electron transport via alternate inhibitor-insensitive pathways does not provide energy in a form which can be utilized for mitochondrial contraction.
The observation that ATP does not induce contraction of swollen wheat or rye mitochondria is in accord with results obtained with castor bean endosperm mitochondria (20) , but contrary to those obtained with corn mitochondria (18) . Yoshida (20) postulated that reverse energy flow from ATP may be at a lower rate in castor bean than corn mitochondria, and hence insufficient energy is generated to induce contraction. The inability of ATP to prevent spontaneous swelling of wheat and rye mitochondria is contrary to the observations reported for castor bean endosperm mitochondria (20) and hence suggests that reverse energy flow from ATP in wheat and rye mitochondria may be less than in castor bean mitochondria.
The inability of a-ketoglutarate to induce contraction in swollen mitochondria from warm-grown seedlings is largely unexplained. The observation that ca-ketoglutarate in the presence of ADP is oxidized rapidly with good respiratory control and close to theoretical ADP/O ratios (14) suggests that processes other than those normally associated with respiration are involved in mitochondrial contraction. This is supported further by the rapid decline observed in the contraction response when seedlings are grown at 2 C or transferred from 24 to 2 C, although previous studies (11) have demonstrated good respiratory properties of mitochondria isolated from 2 C grown seedlings. These observations may be related to the loss of NADH-induced contraction of mitochondria from drought-stressed corn seedlings (4), since many similarities exist between changes which occur during cold and drought stress. Recent electron microscopy studies (9) (10, 16) demonstrated increased permeability of the plasmalemma during hardening, and this has generally been attributed to increased flexibility of the membrane. However, the greater initial swelling rate of mitochondria from 24 C grown seedlings, observed in the present study, suggests that these membranes may in fact be more permeable than those in mitochondria obtained from 2 C grown seedlings.
The absence of a strict correlation between swelling characteristics of isolated mitochondria and cold hardiness of the seedlings is in accord with the findings of other investigations into the relationship between structural and functional changes in mitochondrial membranes and growth at low temperature. A recent study (16) into the effect of temperature on respiration of mitochondria from the same four cultivars grown at 2 and 24 C revealed no correlation between cold hardiness of the cultivars and the transition temperatures for mitochondrial and tissue segment respiration. The observed increase in fatty acid unsaturation of both mitochondrial membranes (11) and total membranes (1) (1, 11, 15, 17) , has failed to establish a correlation between cold hardiness and changes in the structural and functional properties of mitochondria and other cell membranes. It has generally been shown that numerous changes occur in the cell which are associated with growth at low temperature but not with the development of cold hardiness. It is now clear that the much sought after causal agent in hardening is more subtle than has been generally thought and presumably is associated predominantly with some structural entity of the cell not yet fully investigated.
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